Introduction Abstract
The growth form along the continuum from compact phalanx plants to more loosely packed guerilla plants is an important life-history trait in clonal plants . Prerequisite for its evolution is heritable genetic variation . Starting with 102 genotypes of the stoloniferous herb Ranul1culus replans, we performed one selection experiment on spatial spread per rosette as measure of guerilla ness (broad-se nse heritability 0. 198) and another on plasticity in this trait in response to competition (broad-sense heritability 0.067) . After two generations, spatial spread was 36.9% higher in the high line than in the low line (realized heritability ± SE 0.149 ± 0.039) . Moreover, compared with the low lin e genotypes of the high line had fewer rosettes, a lower proportion of flowering rosettes, a higher proportion of rooted rosettes, more branches per rosette, longer internodes and longer leaves. In the second experiment, we found no significant direct response to selection for high and low plasticity in spatia l sp read (realized heritability ± SE -0.029 ± 0.063), despite a significant correlated response in plasticity in the length of the first three stolon internodes. Our study indicates a high potentia l for further evolution of the clonal growth form in R. replans, but not for its plasticity, and it demonstrates that the clonal growth form does not evolve independently of other clonal Iifehistory characteristics.
Clonal plants differ from nonclonal plants in that they can reproduce not only sexua lly but also vegetatively. Vegetative offspring (rosettes) may be produced along short or long spacers reSUlting in a compact or spreading growth form, respectively (i.e. so-called phalanx and guerill a growth form sensu Lovett Doust 1981). Whereas a phalanx growth form increases competitive strength (Schmid & Harper, 1985; Sackville Hamilton et al., 1987) , a guerilla growth form allows rapid occupation of ava ilable space (Schmid, 1985; Winkler & Schm id, 1995; Winkler & Fischer, 1999 ) and increases the chance of outcrossing (Handel, 1985) _ Therefore, it is likely that ecologica l heterogeneity in competition, disturba nce or available pollinators exerts selection pressures on the clonal growth form (Fischer & van Kleunen, 200 1) _ Whether selection may result in evolu tionary change of growth form can best be tested directly in artificial selection experiments starting with material from natural populations (van Kleunen el al., 2002) . Such experiments give good estimates of the contrib ution of heritable genetic variation to phenotypic variation in growth form which is unconfounded with nonadditive genetic variation (Falconer & Mackay, 1996) _ spatial spread under adverse conditions can be of advantage, if it allows escape (Ogden, 1974; Abrahamson, 1975 Abrahamson, , 1980 Williams, 1975; Gardner & Mangel, 1999; van Kleunen el al., 200 I) . Plasticity itself can evolve when genotypes differ in their plasticity (indicated by genotype-by-environment interactions, Falconer & Mackay, 1996) . Although plasticity may evolve as a correlated response to selection on mean trait va lues (van Hinsberg, 1996 ) the plastic response itself may be under selection when environments are spatially or tempora lly heterogeneous at a sca le relevant to the plant (Bradshaw, 1965; Schlichting & Smith, 2002) . The latter scenario is especially likely in clonal plants in which different rosettes may experience different environmental conditions. Studies on the response to direct selection on plasticity, however, are scarce. Some authors selected on canalization, and thus indirectly on reduced plasticity (Waddington & Robertson, 1966; Thompson & Kauffman Rook, 1988) . Others selected directly on plasticity based on family means in two different environments (Waddington, 1960; Kindred, 1965; Druger, 1967; Brumpton el al., 1977; Jinks el al., 1977; Scheiner & Lyman, 1991) . With the exception of our recent study on the allocation to sexual reproduction in a clonal plant (van Kleunen el al., 2002) , to our knowledge no one has selected directly on plasticity based on individual genotypic values.
Even if there is heritable variation in clonal life-history traits, these traits may not respond to direct selection when it is opposed by indirect selection resulting from genetic correlations with other traits under selection (Lande & Arnold, 1983) . In clona l plants for example there may be nega tive ge netic correlations between the allocation to vegetative reproduction and the allocation to sexual reproduction (Geber el al., 1992; Ronsheim & Bever, 2000; van Kleunen el al., 2 002) . It h as been suggested that sex ual reprodu ction may be more important for clonal plants with a phalanx growth form than for ones with a guerilla growth form, because phalanx plants depend more on seeds for colonization of available habitat patches th an guerilla plants do (Sackville Hamilton el al., 1987) . Nevertheless, clonal plants with a phalanx growth form generally have a higher rate of vegetative reproduction than the species with a guerilla growth form. This suggests that growth form and mode of reproduction do not evolve ind ependently. The evolution of the growth form may be further constrained by genetic correlation s between traits underlying the growth form, such as branching frequency and lengths of internodes and leaves .
We investigated heritable genetic variation in and potentia l constraints on the evolution of growth form and its plasticity in th e stoloniferous herb Ranunettlus replans. We measured growth form as the spatial spread per rosette, i. e. the di stance between the most distant rosettes of a clone divided by the number of rosettes per clone, because this is a size-independent m eas ure of clona l growth form which integrates distances between neighbouring rosettes as well as branching angles and frequencies . Ranuneulus replans occurs natura ll y in competitively heterogeneous habitats along shores of lakes and rivers. Starting from a base popu lation of 614 plants representing 102 genotypes grown in the presence or absence of competition with the natural co-occuring grass Agrostis slolonifera, we performed two two-generation bi -directional selection experiments on (I) spatial spread per rosette in a competition-free environment and (2) plasticity in this trait in response to competition. We measured the response to selection of the selected traits, and of other clonal life-history and morphological traits.
We asked the following specific questions: (1) Is there heritable genetic variation in spatial spread per rosette of R. replans and in its plasticity in response to competition? (2) If there is heritable genetic variation in these traits, can they evolve independently from other clonal Iifehistory and morphological traits?
Materials and methods

Study species
The stoloniferous herb Ranuneulus replans L. (Ranunculaceae) has a circumpolar distribution, mainly in the temperate to borea l-subarctic zones of Europe, Asia and North America (Hess el al., 1980) . In Central Europe R. replans on ly grows on periodica ll y inundated lake shores with low vegetation cover. Today, most Centra l European populations are found around Lake Constance, which borders on Germany, Switzerland and Austria . Within these populations, there is a consistent gradient between microhabitats. Plants growing close to the winter water level of the lake experience an average summer-inundation period of 150 days and little competition with other species. Plants growing about 30 cm high er and 10 m further away from th e lake expe ri e nce an average summer-inundation period of 80 days and h eterogeneous competition with graminoids, most co mmon ly A . slolomfera .
Rosettes of R. replans may have up to 20 leaves with 10-50 mm long and 1-5 mm wide blades. Rosettes form stolon branches from meristems in the axi ls of leaves. Stolons consist of rooted and unrooted rose ttes connected by thin (0 .5-2 mm diameter) stolon internodes with a length of 3-5 cm. Stolon branches can grow as far as 10-2 0 cm within one growing season . Each rosette may produce one single flow er, which does not exclude the formation of roots, and one or more side branches (i. e. sexua l and vegetative reproduction are not mutually exclusive, . The production of stolon branches is interrupted by the summer inundation period. The flowers of R. replans are self-incompatibl e, slightly protandrous and insect pollinated .
Plant material and the base generation
To comprehensively sample potential genetic variation, we collected 104 plants from 14 populations of R. reptans around Lake Constance in 1995 and 1997. Distances between sampled plants were ;:>:5 m in all cases and randomly amplified polymorphic DNA (RAPD)-analysis revealed that the 104 plants represented 102 different genotypes (Fischer et al., 2000) . Collected plants were propagated repeatedly, and vegetative offspring were kept in a plant room at 25°C with 16 h of artificial li ght in 40 x 70 cm trays filled with a 4 : I mixture of sand and compost. All genotypes were precultivated for at least 8 months.
The selection experiments were performed in the same plant room as the precultivation. For the base generation, we filled seventy-eight 31 x 44 cm trays with a soil mixture of the same composition as during precultivation and covered it with a thin layer of gravel (to prevent growth of algae and to reduce evaporation). On 14 November 1997, we randomly assigned three rosettes of each of the 102 genotypes (two genotypes were represented by six rosettes) to the eight planting positions in each of 39 trays (totalling 312 plants), with the limitation that rosettes planted to the same tray be longed to different genotypes. We did the same for the other set of 39 trays in which we additionally sowed A. stolonifera as competitor. Agrostis stolonifera formed a dense matrix with about I plant cm-2 , which is comparable with densities found in the natural habitat of R. reptans at Lake Constance. Within trays, interference among R. reptans individuals was probably weak because their root systems are relatively sma ll which makes overlap of rooting zones of the originally planted rosettes unlikely, and because R. replans plants impose hardly any shading on each other. We watered the plants every second day, and assigned trays to new random positions in the plant room weekly. We maintained these conditions throughout the experiments.
After 8 weeks, we counted the tota l number of rosettes on each origina ll y planted rosette, measured the spatial spread of the clone (i.e . distance between the two most distant rosettes of a clone), and calculated the spatia l spread per rosette.
Selection on the spatial spread per rosette
To start the se lection lines for a low and a high spatia l spread per rosette, we selected from the base generation the 20 genotypes with the lowest mean values and the 20 genotypes with the highest ones in the competitionfree environment. We selected on genotypic values and not on individual values because we wanted to have a se lection procedure, which is similar to the one in the selection experiment on plasticity in the spatial spread per rosette (see next section) . The 20 genotypes used as parents for the low or L-line and the 20 genotypes used 333 as parents for the high or H-line came from 10 and 13 different populations, respectively (the deviation from equal representation of the 14 popu lations in both se lection lines was n ot significant in a Ch i-squared test, X~3 = 14.0, P = 0.374). This indicates that we did not recreate pre-existing genetic differentiation between populations in this selection experiment.
For each selection line, we cross-pollinated each of the selected genotypes with two of the other selected ones. From these crosses for 40 full-sib families 21 were successful, but we increased the number of full-sib families for the next generation by adding seeds from crosses of the selection experiment on plasticity in spatial spread per rosette and from two other selection experiments on the allocation to sexual reproduction (van Kleunen et al., 2002) which started from the same base generation and had some pairs of the selected parents in common with the lin es of this experiment. We incubated all seeds in a solution of 2 mg mL-1 gibberellic acid for 5 days to break dormancy. Then we sowed the seeds, and finally we vegetatively propagated the offspring.
On 28 January 1999, we planted 110 rosettes belonging to 50 genotypes of 21 full-sib families of the L-line, and 66 rosettes belonging to 31 genotypes of 15 full-sib families of the H-line. After 8 weeks, we selected of each selection line the eight genotypes with the most extreme trait values as parents for the next generation, and we crossed them according to a full-diallel design (i.e. because R. replans is self-incompatible there were 28 crosses each with two paterna l-materna l parent combinations). Forty-six of these 56 crosses were successfu l.
On 26 April 2000, after the same germination and propagation procedure as for the first offspring generation, we planted rosettes of the second offspring generation into experimental trays prepared as the ones used in the previous generations. For the L-line, we planted 150 rosettes belonging to 52 genotypes of 23 seed families, and for the H-line 155 rosettes belonging to 55 genotypes of 23 seed families. As control for the direction of selection, we also planted two rosettes of each of 16 randomly chosen genotypes of the base population .
Selection on plasticity in the spatial spread per rosette
The procedure and number of genotypes selected as parents for the consecutive generations of the lines in the selection experiment on plasticity in the spatia l spread per rosette was the same as in the one on the mean spatial spread per rosette. Phenotypic plasticity was defined as the change in the average phenotype expressed by a genotype in different env ironments (Via, 1987) . Although the magnitude of a plastic response may be the same for a genotype that increases the spatia l spread per rosette in response to competition and one that decreases it, their plasticities clearly differ in direction (i.e. the slopes of their reaction norms differ). Therefore, we used signed values of plasticity, which were calculated for each genotype by subtracting the genotypic mean value in the competitive environment from the one in the competition-free environment. For convenience, we refer to positive and negative values as high and low plasticity, i.e. we consider a higher spatial spread per rosette in the absence of competition as positive plasticity, although the choice to calculate plasticity in this direction was subjective.
The 20 genotypes used as parents for the low plasticity or LP-Iine and the 20 genotypes used as parents for the high plasticity or HP-line came from 10 and II different popUlations, respectively (the deviation from equal representation of the 14 populations in both selection lines was not Significant in a Chi-squared test, X~3 = 15.7, P = 0.264). This indicates that we did not recreate preexisting genetic differentiation between populations in this selection experiment.
In the first offspring generation, we planted for the line selected for a low plasticity 108 rosettes belonging to 33 genotypes of 16 seed families, and for the line selected for a high plasticity in the spatial spread per rosette (HP-line ) 70 rosettes belonging to 22 genotypes of I 0 seed families . In each line, we selected the eight genotypes with the most extreme plasticity values and crossed them according to a full-diall el design without selfings. Of the 56 crosses for the next generation 38 were successful.
In the second offspring generation, we planted for the LP-line 300 rosettes belonging to 57 genotypes of 24 seed families, and for the HP-Iine 145 rosettes belonging to 27 genotypes of 14 seed families. In each generation, half of the replicates of each genotype were grown without competition and the other half with competition with A. stolol1ifera. In the second offspring generation, we additionally planted two rosettes of each of 16 randomly chosen genotypes of the base generation into the trays without competition and two rosettes into the ones with competition as a control for the direction of se lection.
Measurements
Eight weeks after the start of each generation, in addition to spatial spread of the clone and the number of rosettes, we counted the number of flowering and of rooted rosettes that had developed from each originally planted rosette as a measure of sex ual and vegetative reproduction, respectively. Moreover, as measures of plant morphology we measured the length of the longest leaf and the length of the first three internodes on the longest stolon branch on each originally planted rosette, and the number of branches per rosette. As measures of growth form and of the relative all ocation to sexua l and to vegetative reproduction, we calcu lated the spread per rosette, the proportion of flowering rosettes, and the proportion of rooted rosettes, respectively.
Analyses
For genotypes of the base generation we used mean trait values in the competition-free environment and plasticity values to calculate genetic correlations between different traits and plasticities. For the calculation of the broad-sense heritability of spatial spread per rosette in the base generation, we estimated variance components (VC) with restricted maximumli ke lihood (REML) analyses of variance (Patterson & Thompson, 1971 ) with the statistical software Genstat (Lawes Agricultural Trust, IACR, Rothamsted, Payne et al., 1993) . The VC for genotypes represents 100% genetic (additive and nonadditive) variation, and the VC for the residual represents 100% environmenta l variation' between individuals within genotypes. Thus the broad-sense heritability H2 was calculated as H2 = VCgcnmype/(VC gcnotypc + VCrcsldual). Similarly, we calculated the broad-sense heritability of plasticity in spatia l spread per rosette as H2 = VCgcnotype x competition! (VCgc nOlype +VCgenOlype x competition + VCresidual), where VCgenutypex competition is the variarice component for the genotype-by-competition interaction.
The response to selection (R) is proportional to the narrow-sense heritability h 2 and to the selection differential (S; Falconer & Mackay, 1996): R = h 2 X S, where R is the difference in mean phenotypic value of the offspring genotypes and the mean phenotypic value of the population from which the parent genotypes were selected, and S is the difference in mean phenotypic value of parents and the population mean from which the parents were selected. Accordingly, we acquired the realized heritabilities for spatial spread per rosette and its plasticity after two generations of selection as the coefficients of regression of the realized response to selection after each generation of selection on the cumulative selection differentia l before each generation of se lection (Falcon er & Mackay, 1996) . The selection differentials were calcu1ated for each generation and each line separately as the differences between the average value of genotypes in that line and the average value of the genotypes, which were selected as parents for the next generation. Then, the selection differentials of the low and high lines were summed and subsequently they were summed after each generation. The realized responses to selection were calcu lated as the differences in mean values between all offspring genotypes of the low and the ones of the high line after each ge neration of selection. To account for differences in rates of reproduction, selection differentials were weighted according to the number of offspring genotypes per parent (Falconer & Mackay, 1996) .
As in the offspring generations the numbers of genotypes per full-sib family and the numbers of full-sib families per line were unbalanced, we ana lysed the data with REML analysis of variance for each generation separately. The effect of selection for low and high values was considered fixed, and was tested with the Wald test statistic, which has an asymptotic Chi-squared distribution (Dobson, 1990) . Variation among full-sib families and between reciprocals within full-sib families (second generation) were considered as random effects. Because VC of reciprocals were small or zero in the REML analysis (indicating that genotypes did not perform differentially as male or female partners in diallel crosses ), we removed this effect from the final model. The variation among full -sib fami lies was tested with a likelihood-ratio test (Morrell, 1998) , which tests the change in deviance after removing the factor seed families from the model. The change in deviance is approximately Chi-sq uared distributed (Littell el at., 1996) . Data from the control plants were not included in the analyses of the second offspring generation. The spread per rosette, the num ber of rosettes, and the proportion of rooted rosettes were log I O-transformed to achieve normality and homoscedasticity. For these variates we give retransformed average values in the results section .
Results
Selection on spatial spread
Heritabilities and direct response to selection
In the base generation, the back-transformed average spatial spread per rosette was 6.811 ± 0.239/0.232 mm (mean ± upperllower SE) in the competition -free environment, and there was significant variation among genotypes in the spatial spread per rosette (Flol .208 = 1.786, P < 0.001). The corresponding broadsense heritability of genotypic values of the spatial spread per rosette was 0.198. The back-transformed weighted means of the genotypes selected as parents for the first offspring generation of the H-and L-line were 11.45 and 4.22 mm, respectively.
In the first offspring generation, genotypes of the H-Iine had a 3.3% lower spatial spread per rosette than genotypes of the L-line (Fig . la) . This effect was not significant (Table I ) . The back-transformed weighted means of the genotypes, which were subsequently selected as parents for the second offspring generation of the H-and L-Iine were 13.49 and 4.534 mm, respectively.
In the second offspring generation, genotypes of the H-Iine had a significantly 36.9% higher spatia l spread per rosette than genotypes of the L-line (Table I (Fig. l a) . The realized heritability ± SE after two generations of selection was 0.149 ± 0.039 . Th is indicates that there is a considerable amount of additive genetic variation in the spatial spread per rosette of R. replans.
Correlated responses to selection
In the base generation, the broad-sense geneti c correlation between spatia l spread per rosette and the number of rosettes and the proportion of flowering rose ttes was
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Significantly negative (Table 2 ) . After one generation of selection, genotypes selected for high spatia l spread per rosette had, on average, a lower proportion of flowering rosettes (-9 .1 %, W = 4.6, P < 0.05). a higher proportion of rooted rosettes (+25.3%, W = 16.7, P < 0.001), longer internodes (+19.9%, W = 28.2, P < 0.001) and leaves (+18.3%, W = 21.3, P < 0.001), as well as tending to have fewer rosettes (-16 .8%, W = 3.7, P = 0.054) and more branches per rosette (+9.6%, W = 3.3, P = 0.069) , than genotypes selected for low spatia l spread per rosette (Fig. I, Table I ).
Selection on plasticity in spatial spread
Heritabilities and direct response to selection
On average, genotypes in the base generation had a lower spatial spread per rosette in a competition-free environment (mean ± upper/lower SE = 6.811 mm ± 0.239/ 0.232) than in a competitive environment (8 .103 mm ± 0.269/0 .26 1; Fuol = 2.25, P = 0.137). However, there was sign ifi ca nt variation among genotypes in this plastic response (FIOI.401 = 1.485, P < 0.01) . The corresponding broad-sense heritability of plasticity in spatial spread per rosette was 0.0674. There was no signi ficant response to selection after one and two generations of selection (for first offspring generation: XI = 0.0 in REML analysis of variance; for second: XI = 0.8; Fig. 2 ) and the estimated realized heritability ±SE was -0.029 ± 0.063 . This suggests that the variation among genotypes in plasticity in spatial spread of the base generation represents nonadditive genetic variation.
Correlated responses to selection
In the base generation, the broad-sense genetic correlations between spatial spread per rosette and the number of rosettes and the proportion of flowering rosettes were significantly negative, and the ones between spatial spread and the proportion of rooted rosettes and the number of branches per rosette were significantly positive (Table 2a) . After two generations of selection, genotypes selected for high spatia l spread per rosette had, on average, a lower proportion of flowering rosettes (-9. 1 %, W = 4.6, P < 0.05), a higher proportion of rooted rosettes (+25 .3%, W = 16 .7, P < 0.001), longer internodes (+19.9% , W = 28.2, P< 0.001) and leaves (+18 .3%, W = 21 .3, P < 0.001), as well as tending to have fewer rosettes, (-16.8%, W = 3.7, P < 0.054) and more branches per rosette (+9.4%, W = 3.3, P < 0.069), than genotypes selected for low spatial spread per rosette (Fig. I , Table I ) .
Discussion
Direct response to selection on spatial spread
We found a significant difference between the lines artificia ll y selected for a high and a low spatial spread per Tables I and 2) : +P < O. L 'P < 0.05, "'P < 0.001. ro se tte in the selected trait, which indicates that it can evolve in R. replans . This implies that the ecologica lly very important growth form may a lso respond to selective forces imposed by ecologica l factors such as competition, disturbance or pollinator ava ilability. The base generation was founded with genotypes from 14 population s around Lake Co nstance. Because the selected genotypes for high and low proportion of flowering rosettes did not come from particular populations but represented a sample from 13 a nd 10 of the 14 populations, respectively, the measured evolutionary potential does not simply reflect a pre-existing population differentiation that was recreated from the mixed metapopulation by selection. This is in lin e with previous results showing genera ll y considerable variation in clona l life-history traits among genotypes within populations (van Kleune n et al., 2000a , b; van Kleunen & Fischer, 2001) . Spatial or temporal heterogeneity within a nd between natural populations of R. replans may be responsible for the m aintenance of genetic variation. Within populations of R. replans along the shore of Lake Constance there is a consistent gradient in the occurrence of competitive grasses, mainly A. stolonifera, which is generated by natural summer-inundations . It is likely that selection pressures differ between the heterogeneously competitive and competition-free microhabitats. Tndeed, in previous experiments, lifehistory traits differed between genotypes originating from the two microhabitats van Kleunen el al., 2000b; van Kleunen & Fischer, 2001 ). This indicates that the competition gradient within populations may be responsible for the maintenance of genetic variation in clonal life-history traits. Other mechanisms that may maintain genetic variation in spatial spread are genotype-by-environment interactions, mutation-selection balance and genetic correlations with other traits as a consequence of linkage or pleiotropy (Stearns, 1992; McLellan el al., 1997) .
The step from a 3.3% difference between high and low lines after one generation to a 36.9% difference after two generations, and the swings in mean phenotype between generations suggest that -in addition to the selection treatment -drift or nonadditive effects may have played a role in divergent evolution of the lines. However, the difference in spatial spread of baseline plants grown as parental generation and grown with the second offspring generation (Fig. la) suggest that some of the swing in mean phenotype between generations had environmental causes. Although we did not replicate our lines to test for effects of drift, we had replicate full-sib families within the lines to more realistically mimic natural selection of interbreeding genotypes in the wild than the use of separate lines would do. The absence of significant variation among replicated seed families within lines for the selected traits (Table I) indicates that genetic drift must have been sma ll in this experiment. Therefore, the observed divergent evolution of trait values in response to selection was very likely due to the selection treatment and not solely because of random genetic drift. The latter wou ld also be un likely because the response was in the expected direction and because the control genotypes had values intermediate to the ones of the H-and L-Iine. Moreover, in another selection experiment we found that the spatia l spread per rosette decreased when we selected for a high allocation to sexua l reproduction in R. replans (van Kleunen el al., 2002) , which is in accordance with the correlated response in allocation to sexua l reproduction that we found in this experiment.
Tn addition to additive genetic effects, clonal plants can transmit epistatic and dominance effects to their vegetative offspring (Pan & Price, 200 I) . Moreover, clonal carry-over effects to vegetative offspring are possible (Schwaegerle et al., 2000) . Therefore, in clone populations with overlapping sexual generations effects other than additive genetic ones also contribute to evoluti onary change over time. Nevertheless, additive genetic variation matters for evolutionary change across sexua l generations in clonal plants just as much as it does in non clonal plants. The realized heritability of the proportion of flowering rosettes was more than three quarters of the broad-sense heritability. Nevertheless, a substantia l amount of phenotypic variation among genotypes in the base population must have reflected nonadditive genetic variation or maternal carry-over effects. Our estimate of narrow-sense heritability was based on selection for genotypes. Selection on individu als might have resu lted in a sli ghtly smaller estimate (P. van Tienderen, personal communication; K. Ritland, personal communication) . Moreover, under natural cond itions heritabilities may be lower because of the higher environmental variation there (Price & Schluter, 1991) . However, environmental changes between the generations, as indicated by fluctuations in average trait values (Fig. I) , may also have affected our selection process and have reduced the estimated realized heritability (Falconer & Mackay, 1996) . Thus, broad-sense and narrow-sense heritability in the investigated mixed population of R. replans might have been even closer than concluded from the estimates, which is an encouraging result for other studies with this species, which is rare and endangered in Central Europe, and therefore does not allow long-term intensive experimental studies to be carried out there before conservation measures can be invoked.
Correlated responses to selection on spatial spread
Although we detected a high potential for the evolution of spatial spread per rosette in R. replans, the correlated responses of other clonal life-history and morphological traits (Table I) indicate that it may not evolve independently.
That genotypes selected for high spatial spread grew sma ller (i.e. produced fewer rosettes) may indicate that we indirectly selected for plant size. However, a lthough the allometric relationship between spatial spread of a clone and its number of rosettes differed between the two selection lines after two generations of selection (data not shown), spatia l spread would still have been higher in the high line, even if genotypes of the low line would have had the same size as the ones of the high line.
The increased spatial spread per rosette of genotypes selected for a high spatia l spread was mainly achieved through the production of longer internodes and not through a lower branching frequency. Genotypes of the high lin e even had a higher branching frequency than the ones of the low line. This may well be the resu lt of a negative genetic correlation between internode length and branching frequency (genetic correlation in baseline generation = -0.204, P = 0.040, n = !OI). This exemplifies how genetic correlations between traits underlying the growth form may constrain the evolutionary potential of the growth form of R. replans.
Genotypes of the line of R. replans selected for a low spatial spread had a higher allocation to sexual reproduction than genotypes selected for a high spatia l spread .
In a parallel selection experiment on sexual allocation in R. reptans, we also found that selection for a higher allocation to sexua l reproduction resulted in a more compact growth form (van Kleunen et al., 2002) . These results indicate that the evolution of one clonal lifehistory trait is not independent from others. If similar selective forces act consistently on two traits, genetic correlations may evolve themselves and result in adaptive trait complexes. For example, it has been suggested that a high sexual reproductive allocation may be more important as a dispersal mechanism for clonal plants with a compact growth form than for ones with a spreading one (Sackville Hamilton et al., 1987 ) , which would be in accordance with our results. On the contrary, negative genetic correlations between important traits may also have evolved as a consequence of antagonistic pleiotropy (Roff, 1996) , where selection for high values of two traits has resulted in fixation of alleles which produce positive correlations, anti hence at equilibrium only those alleles are effective which cause negative correlations (Roff. 1996) . Opposing selective forces on two negatively correlated traits, e.g. growth form and allocation to sexual reproduction, may constrain the evolution of the single traits (Lande & Arnold, 1983) . Therefore, genetic correlations with other clonal life-history traits may slow down the evolu tion of the growth form and may contribute to the maintenance of a high amount of genetic variation in this trait in R. replans.
Plasticity in spatial spread and selection on it
A higher spatia l spread under adverse competitive conditions could be of advantage, because it may allow plants to escape (Ogden, 1974; Abrahamson, 1975 Abrahamson, , 1980 Williams, 1975; Gardner & Mangel. 1999; van Kleunen el al., 2001) . Because of resource limitation under competitive conditions growth is generally reduced, morphological changes are a prerequisite for in creased spatia l spread. In contrast to passive growth responses (Stoll & Schmid, 1998) such active plastic responses require a signal perception-transduction -response . pathway. In most plants, photoreceptor molecules such as phytochromes are involved in leaf and internode elongation in response to shading by competing plants (Smith, 1995) . The observed higher spatial spread in the competitive than in the competition-free environment in the baseline and second offspring generation suggests that such an active plasticity mechanism is present in R. replans (Fig. 2) . The absence of plasticity in spatia l spread per rosette in the first offspring generation suggests that this active plasticity may sometimes be overruled by reduced growth as a consequence of resource limitation.
We found Significant variation in plasticity among genotypes (i.e. Significant variation in the slopes of reaction norms) in the base population. Some genotypes responded to competition by more increased spatial spread per rosette whereas others showed smaller increa-339 ses. When we used the most extreme genotypes along this continuum in the bi-directional selection experiment on plasticity, no divergence in plasticity could be obtained after two generations of selection (Fig. 2) . We had selected the same numbers of extreme genotypes of each lin e as in the experiment selecting on spatial spread itself. although we used a somewhat lower number of seed families resulting from crosses between extreme genotypes in the plasticity experiment than in the experiment selecting for mean spatia l spread. However, the numbers of seed families were not very different and what matters most for genetic variation within the lines is the number of founding genotypes. We conclude that our results are best explained by low add itive genetic variation in plasticity of spatial spread and that the potential for its evolution was low in the mixed study population of R. replans. It could be that selection in the past has depleted all additive genetic variation and led to the fixation of the current mean level of plasticity. This would suggest. that this level of plasticity is adaptive. On the contrary, the observed plasticity may reflect a simple growth response without any adaptive value .
The low broad-sense heritability of plasticity in the base population and the absence of a response to selection, i.e. the zero realized or narrow-sense heritability are in line with the observation that heritabilities of plasticity are generally lower than heritabilities of mean trait values (Scheiner. 1993 ) and with our recent results on plasticity of sexual allocation of R. replans (van Kleunen el al., 2002) . The only other selection experiment on plasticity in a plant species found a signifi cant heritability of plasticity in flowering time and height in Nicotiana ruslica in response to sowing date after two generations of selection (Brumpton el al ., 1977) . However, after two more generations of selection only plasticity in height had responded in the right direction whereas plasticity in flow ering time had responded in the wrong direction (Jinks et al., 1977) . Some experiments with anima l species could select on plasticity (Waddington, 1960; Kindred, 1965; Druger, 1967) , although it sometimes took several generations before the response became visible (Hillesheim & Stearns, 199 1; Scheiner & Lyman, 1991) . It remains to be seen whether heritabilities of plasticity differ between animals and plants and whether the difference between the open modular growth form of modular plants and the fixed unitary growth form of most animals plays a role in this context. Selection on plasticity in spatial spread resulted in significant correlated responses of the length of internodes and of plasticity therein, although the corresponding broad-sense genetic correlations had not been sign ifi cant in th e base generation. Possibly the correlated response of higher plasticity in internode length of genotypes selected for hi gher plasticity in spatial spread did not translate into higher plasticity in spatial spread itself because of a counteracting response of branching angles.
Conclusions
Although the evolutionary potential of life-history traits may be reduced as a consequence of past natural se lection (Falconer & Mackay, 1996) , our stud y indicates tha t there is a high potential for evolution of the ecologica ll y very important spatial spread in R. replans. Nevertheless, there may be constra ints on the evolu tion of growth form in R. replans because it does not evolve independe ntly of other clonal life-history characteristics. The alternative for the evolution of different allocation strategies would be the evolution of plastic ge neralist genotypes. Indeed genotypes are plastic in the spati al spread per rosette under competitive when compared with competition-free conditions, suggesting that a mean level of plasticity may have evolved already. However, this plasticity cou ld also reflect a passive growth response, rather than an adaptive one.
